Abstract-The narrow-beam operation in millimeter wave (mmWave) networks minimizes the network interference leading to noise-limited networks in contrast with interference-limited ones. The medium access control (MAC) layer throughput and interference management strategies heavily depend on the noiselimited or interference-limited regime. Yet, these regimes are not considered in recent mmWave MAC layer designs, which can potentially have disastrous consequences on the communication performance. In this paper, we investigate the performance of cache-enabled MAC-based mmWave ad hoc networks, where randomly distributed nodes are supported by a cache. The ad hoc nodes are modeled as homogenous Poisson point processes. Specifically, we study the optimal content placement (or caching placement) at desirable mmWave nodes using a network model that accounts for uncertainties both in node locations and blockages. We propose a contention-based multimedia delivery protocol to avoid collisions among the concurrent transmissions. Subsequently, only the node with smallest back-off timer among its contenders is allowed to transmit. We then characterize the average success probability of content delivery. We also characterize the cache hit ratio probability, and transmission probability of this system under essential factors, such as blockages, node density, path loss, and caching parameters.
I. INTRODUCTION
T HE key objectives of future generation wireless communication systems include billions of connected devices, data rates in the range of Gbps, lower latencies, improved coverage and environment-friendly, low-cost, and energy efficient operations. High user mobility is one of the expectations of such future communication networks where the increase in the demand of content is primarily due to data applications like high quality video streaming and social networks. Mobile video traffic accounted for 55% of total mobile traffic in 2016 because video content on smart mobile devices requires higher data rates compared to any other mobile data The authors are with the Interdisciplinary Centre for Security, Reliability and Trust, University of Luxembourgh, L-1855 Esch-sur-Alzette, Luxembourg (e-mail: satyanarayana.vuppala@uni.lu; thang.vu@uni.lu; sumit.gautam@uni.lu; symeon.chatzinotas@uni.lu; bjorn.ottersten@uni.lu).
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services. According to Cisco's annual report, mobile video traffic is expected to generate 74% of the global mobile data traffic by 2020 [1] . On the other hand, the existing cellular spectrum is approaching its performance limits thus giving birth to the growing interest in and exploration of supplementary resources to meet these demands [2] . As a result, millimeter wave (mmWave) frequencies are being investigated to serve as an alternative or provide assistance to the existing technologies.
To meet the goals of the vision of future wireless systems, cache-enabled network architectures have been investigated and projected as the possible solution to the inevitable data tsunami in coming years. The key idea in these systems is to avail the assistance from helper nodes instead of cellular infrastructures to successfully deliver the desired content to the end-user devices. Helper nodes are generally categorised as small base stations (SBSs) [3] and user mobile devices that are used for ad-hoc communications. In such networks, a user's mobile device caches a number of popular video files based on the available storage and a particular caching policy that is utilised and controlled by a central entity. Then, it can serve other users who request the cached files via device-to-device (D2D) communications [4] .
On the other hand, in recent past, mmWave use was limited to radar communication [5] . Due to higher frequencies, the path losses are higher and blockage is more severe due to their smaller wavelengths. This was the reason why mmWave technology was discarded concerning its application in mobile communication. Nonetheless, high gain antenna arrays have been designed which can potentially overcome the losses. In fact, wireless systems with high data rates measured in gigabits-per-second have been implemented for indoor applications [6] . The work in [7] explores the sparsity that characterises mmWave to develop the precoding or combining solution that achieves near optimal spectral efficiency. Tractable models for backhauled links and per user rates have been studied in [8] and [9] , using stochastic geometry for their analysis.
The deployment of small cells is a key method by which wireless communication is expected to evolve as the next generation of networks [10] . MmWave transmission by nature can be deployed into ad-hoc mode due to its limited range of propagation. The work in [11] provides the coverage analysis of such mmWave ad-hoc networks whereas [12] provides coverage analysis in densification of mmWave cells. In addition, researchers are looking into how to maximize content delivery in networks to increase the users' quality 0090-6778 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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of experience (QoE) [13] . Moreover, mmWave communication in ad-hoc networks can exploit the directionality to minimize the network interference. In addition, it provides high spectral efficiency for content delivery. To this end, from the perspective of such mmWave networks, we demonstrate the effectiveness of off-line caching with respect to blockages. The idea of caching in mobile networks is triggering research interest as a promising approach to increase user satisfaction as well as reducing the cost of backhaul load. Caching has been used to maintain internet traffic over the last two decades and has been largely computer based [14] , [15] . A spontaneous reload cache system was introduced in [16] to show that it is possible to have systems with active caches without increasing the hardware overload. This has triggered interest in the formulation of active caches for cellular networks. To this point, Paschos et al. [17] applied the content caching approaches to content delivery networks (CDN). Following this direction, [18] showed the role of proactive caching on the network edge to help reducing traffic congestion in the backhaul links. In particular, authors show the effectiveness of proactive caching reducing congestion in the backhaul links wherein both spatial and social structures of networks has been considered to show that proactive caching aids users satisfaction. Subsequently, caching strategies were investigated with various network objectives, including coded caching in wireless networks [19] , [20] , content caching in heterogeneous networks [21] , [22] and D2D caching in [4] .
Furthermore, video streaming based cellular caching architectures in cooperation with D2D communications have been investigated in a variety of scenarios over the recent years. Information theoretic bounds for single-hop D2D caching networks are obtained in [4] under arbitrary demand for certain deterministic and random caching policies. In such systems, content can be placed on collaborative nodes formerly, either according to a predefined policy [23] , or more intelligently, according to statistics of the user devices' interests [18] . Stochastic geometric based analysis is presented in [24] for the scenario of BSs located in the Euclidian plane. The work in [25] shows that popularity based caching gives better results in terms of outage probability than uniform caching where the BSs cache content randomly irrespective of the popularity. Jarray and Giovanidis [26] have investigated the influence of mobility from the perspective of cached enabled D2D networks.
Content placement is a key factor that determines the success of a caching system, and researchers are looking into the optimal way of cache placement for various networks. In this direction, the work in [23] proposes that maximizing the number of active links (the link between two devices is active if one requests a file already cached by the other device) is the optimal transmitting method. Recently in [27] , a content placement that balances the reduction of network interference with channel selection diversity is proposed. Following this trend, Malak et al. [28] , [29] studied the optimal geographic content placement problem for D2D networks in which the content popularity follows the Zipf law. In this direction, [30] studied probabilistic caching placement in stochastic wireless D2D caching networks with two objectives: maximizing the cache hit probability and maximizing the cacheaided throughput that is defined by the density of successfully served user requests. All these previous works on caching have focused on transmission at sub 6 GHz frequencies. More recently, the throughput-outage tradeoff of the mmWave link underlying D2D networks under a simplified grid topology is derived in [31] for various caching policies. To this end, Giatsoglou et al. [32] proposed a novel policy for device caching that facilitates popular content exchange through high-rate D2D mmWave communication. We would like to state that, though there has been extensive ongoing research on wireless caching, to the best of our knowledge cache aided mmWave systems has not been characterized well enough in recent literature. Thus, in this work, we study the content placement in mmWave networks where randomly located mmWave nodes store contents probabilistically and independently.
However, we cannot get away from the fact that these PPP based content caching approaches [24] , [25] , [27] , [30] may not be suitable for real world deployments. Consider a Wireless Fidelity (WiFi) network where all the nodes follow a terrain according to its coverage. Hence, the distribution of nodes is far from being spatially uniform. Such a distribution is clearly distinct from the PPP based network assumptions which leads to a non-Poisson number of nodes per unit area. To model such kind of dependencies between the BSs in cellular networks, recent works [33] - [36] extend the PPP framework to non-Poisson point processes. The recent work in [33] introduced a Ginibre point process (GPP) framework for the analysis of wireless cellular networks where the nodes exhibit repulsion. Following this direction, Zabini and Conti [34] analyze the sampling and reconstruction of finiteenergy signals in R d when the samples are gathered in space according to a determinantal point process whose second order product density function generalizes to R d in contrast to a modified GPP in R 2 . Guo et al. [38] propose an approach to using the Gauss-Poisson processes (GuPP) to model spatial distribution of wireless networks, and investigate the benefits of cooperative communications in such GuPP based network. Following these footprints [35] , Zabini et al. [36] consider the GuPP for analyzing the effects of nodes' attraction (i.e., opposite of repulsion) on random sampling and signal reconstruction. To this end, the distribution of nodes in the adhoc network are completely random, the replusion or attraction may have less impact on the distribution of nodes. In this paper, we consider such an ad-hoc network to facilitate tractability in the analysis.
In addition, interference management is another important aspect that needs special consideration while modeling the mmWave networks. Elaborate interference management schemes enable effective spatial reuse, thereby improving the overall performance of cache-enabled mmWave networks significantly. It is noteworthy that the issue of interference management has not been investigated widely in [8] , [9] , and [11] . Recently, Shokri-Ghadikolaei et al. [37] , [38] have addressed and characterized the interference management issue from the perspective of medium access control (MAC). Distinctly from [8] , [9] , [11] , and leveraging the results from [38] , a contention based multimedia delivery protocol is proposed herein to tackle the problem of interference management.
The main contributions of this paper are fivefold, listed as follows
• In order to study the performance of mmWave ad-hoc cache enabled networks, we develop an analytical framework for contention based multimedia delivery assuming a homogeneous Poisson Point Process (PPP) model of ad-hoc nodes with caching ability. Besides, a Zipf distribution is considered to categorize the popularity of the multimedia files.
• Next, we maximize the cache hit probability, the probability that the typical user's request can be served by its neighbor nodes, by investigating the optimal content placement in this mmWave ad-hoc network. Consequently, we characterize the average success probability of content delivery.
• We propose a contention based multimedia delivery protocol to avoid collisions among the concurrent transmissions during the delivery phase. We measure the transmission probability of the transmitter under the proposed contention based multimedia protocol by applying mathematical tools from stochastic geometry. Therein we characterize the spatial distribution of the active ad-hoc transmitters based on this result.
• Then, we derive the conditional distribution of the point process formed by the active ad-hoc transmitters for a given typical receiver at the origin. Noticiably, the point process formed by the active ad-hoc nodes do not follow a homogeneous PPP due to the contentions among the concurrent transmissions and an infeasibility is introduced for a complete characterization of its spatial distribution. The determination of a Laplace transform of the corresponding aggregate interference from the active adhoc nodes becomes challenging. To tackle this difficulty, we make an approximation to characterize the average success probability of content delivery.
• Finally, we provide useful guidelines for proper modeling of the resource allocation and interference management protocols for future mmWave networks with a detailed analysis of contention delivery protocol which clarifies the collision level and the throughput performance of mmWave networks. Note that the work presented without MAC contention in this paper gives the required initial analyses, while reiterating some very important results, that can be considered as a cornerstone for future works in this field. In this paper, contrast to the conventional cache hit optimization in cache-enabled mmWave based wireless networks, we consider an alternative optimization approach for the probabilistic caching placement in mmWave aided caching networks taking into account the blockages.
The rest of the paper is organized as follows. Section II describes the system model. The cache hit ratio and the average successful content delivery probabilities are presented in Section III. In Section IV, we analyze the system with respect to the proposed contention based MAC protocol. Section V gives the numerical results followed by the conclusion in Section VI. Furthermore, the notation Table I is given in Section II.
II. SYSTEM MODEL

A. Network Model
Consider a cache enabled wireless network where mmWave based transmitter nodes are modelled as a two dimensional homogeneous PPP Φ with intensity λ, each associated to a receiver as shown in Fig. 1 . For simplicity, we refer the receiver and the transmitter of the typical link as the typical receiver and the tagged transmitter respectively. Each node contains storage units that are used to cache popular files. We refer to these units as the local caches. In addition, a central source containing a global cache consisting of all the files a user would require, is accessible to all the nodes in this network via wired backhaul links. This is to cater for the scenarios when the local caches do not contain the requested files.
Assumption 1: We assume that the typical receiver is associated to a transmitter which does not store the requested content. Therefore, the receiver seeks the desired content from its nearest available transmitter. It is important to note that when a receiver requests for a file, it is served either by the nearest line-of-sight (LOS) node or the best LOS node that has the best average received power.
Using Slivnyak's Theorem [39] , it is found that for a given typical transmitter-receiver at the origin, the conditional distribution of the potential interferers (all transmitters excluding the tagged transmitter) is another homogeneous PPP with the same density λ. We assume that a receiver can decode at least one of the multiple transmissions from various neighbours that intend to communicate with it. This reasonable assumption has been considered for the performance evaluation in [8] , [9] , [11] , and [12] and is propelled by the shortage of multiuser detection in many devices including the ones with mmWave technology. Considering the receiver of the typical link, all other transmitters in the network acts as potential interferers to the typical receiver. This interference level depends on the density and location of the interferers relative to the typical receiver, transmission powers, channel model, antenna radiation pattern, blockage model, and transmission and reception beamwidths.
1) Collision Model:
In this paper, we consider a slotted ALOHA protocol 1 [37] , [38] without power control to obtain a lower bound on its performance, which leads to the the transmission power of P m available to all the links. Assuming an active probability of every transmitter (interferer) as ρ, we define the probability of active transmission in each time interval as ρ a . We exploit the property of the slotted ALOHA that the outset of the transmissions are regulated at the beginning of a time slot. In addition, considering the worst case analysis of an ad-hoc network with a cellular system, the slotted ALOHA is found to be a good choice of protocol models. This is due to the fact that the devices are synchronous by utilizing the synchronization signals from the BS.
In the content delivery phase, we assume that each request by an ad-hoc node starts with a random back-off timer following a uniform distribution in the limits [0 1]. This assumption facilitates collision avoidance among the concurrent transmissions. Prior to the expiration of its back-off timer, the transmitter monitors the medium and then decides to commence its transmissions in case there is no contender detection with contention threshold ; while this defers otherwise. In other words, considering the content delivery phase under the suggested contention based multimedia protocol, we propose that a transmitter under the request is allowed to transmit only if it has the minimal back-off timer among its contenders with contention threshold .
Assumption 2: For any two available transmitters x i and x j , we say that the latter is a contender of the former with a 1 The current analysis of this paper can be extended to the pure ALOHA and Carrier-sense multiple access (CSMA) cases. However, we restrict our analysis to slotted ALOHA case for analytical tractability.
where G l is the mmWave directivity gain, H m is the fading power between the two corresponding transmitters and α m is the path loss exponent.
We additionally incorporate the interference protocol model [40] , as it is commonly used in the context of MAC layer analysis [40] , [41] . According to this model, a collision occurs between a reference receiver and its intended transmitter for a given distance if there is another interfering transmitter placed no further than a certain distance from the reference receiver. In this context, we hereafter refer to this interference range as d max 2 , which is defined as the maximum distance between an interferer and the receiver causing a probable collision or an outage.
In particular, we propose a contention based multimedia delivery protocol with contention threshold in order to avoid collisions among the concurrent transmissions. Under this design, a content request from the typical receiver can be served iff: (a) the tagged transmitter is operational and active; (b) the typical receiver falls within the LOS of the tagged transmitter; (c) the desired file is present in the cache of the tagged transmitter within a radius of R d ; (d) the tagged transmitter is aligned with receiver 3 ; (e) the tagged transmitter is within the maximum range 4 of communication d max ; (f) at least one of the accessible transmitters has the minimal back-off timer among its contenders with contention threshold ; 2) Blockage Model: MmWaves are susceptible to blockages making it imperative to model blockages for true representation of practical mmWave systems. Blockages in the network are usually concrete buildings. We consider the blockages to be stationary blocks which are invariant with respect to direction. We leverage the concept of the blockage model from [42] , and accordingly, consider a two state statistical model for each link. The link can be either LOS or nonline-of-sight (NLOS); LOS link occurs when there is a direct propagation path between the transmitter and the receiver, while NLOS occurs when the link is blocked and the receiver receives the signal through reflection from a blockage. Let the LOS link be of length r, then the probabilities of occurrence p L (.) and p N (.) of LOS and NLOS states respectively can be given as a function of r as
where β is the blockage density.
3) Beamforming Model: Directional beamforming is implemented at both transmitters and receivers for cross communication in this system. The beam patterns are approximated to the sectorized gain patterns as in [11] . Let θ be the beamwidth of the main lobe. Then the antenna gain pattern for a transmit or receive node about an angle φ is given as
where q ∈ T, R (T denotes the transmitter, and R the receiver),
are the array gains of main and side lobes respectively. The effective antenna gain for an interferer as seen by the typical receiver will depend on the directivity gains of the main (i.e., G M ) and side (i.e., G m ) lobes of the antenna beam pattern and is expressed as
where ς lk , with l, k ∈ {M, m}, denotes the probability that the antenna gain G l G k is observed at the receiver. Thus, the effective gain can be considered as a random variable, which can take any of the above mentioned values. Further, we assume that the transmitter of every link is spatially aligned 5 with its intended receiver as considered in [42] . 4) Channel Model: For analytical tractability, we consider Nakagami fading model as it is commonly used in the literature [11] , [42] . Hence, the channel power is distributed according to
where ν is the Nakagami fading parameter and Γ(ν) is the gamma function. For simplicity, we represent the size of a cache by the size of its library, that is the total number of contents in the library is L and bit rate of Θ bits/s/Hz. Thus, the set of contents is denoted as L = {1, 2, 3, . . . , L}. The more popular contents in the library with L contents are requested with a higher likelihood.
5) Caching Model:
The requests from nodes to the tagged transmitters are assumed to be independent of each other. Let f j be the probability that a user requests the j-th file in the library. This probability is defined according to Zipf distribution [43] as
where Υ is the Zipf exponent which controls the popularity of files with large values of Υ indicating a higher content reuse. We assume random content placement where the node stores or caches the content j with probability q j for all requested files, i.e., ∀j ∈ L.
Readers are encouraged to refer [44] for more details on random content placement. Under the assumption of content request or overhearing, each content is cached at transmitter node in probabilistic way. The transmitter nodes storing the content j can be modeled as an independent PPP with intensity q j λ, where the locations of all transmitter nodes storing the content j are denoted by Φ j .
Consider an event when the file requested by the receiver is not cached in the given tagged transmitter. With such an assumption, we now define two types of cache hit events as follows
• Case 1: nearest node, when the requested file is cached at the nearest LOS mmWave transmitter node.
• Case 2: best node, when the requested file is not found in any of the nearby mmWave LOS transmitter nodes (i.e., based on distance) but in one of its best LOS transmitter nodes with the least average received path loss. This is solely based on the transmitter node with the largest path gain of the received signal. The proposed cache hit events are distinct from each other since the best node scenario depends on the channel conditions while the nearest node scenario relies only on the distance between the concerned nodes.
B. Performance Metrics
The metric that we consider in this paper, is the average success probability which is defined forthwith.
Let Φ c j ( Φ\Φ j ) be another set of interfering locations with density (1-q j )λ, i.e., interference from all other adhoc nodes which do not cache content j in their cache. Therefore, the received SINR for the typical receiver can now be defined as
where G l is the antenna array gain function, h l is the fading gain at the receiver of interest, r l is the link length, σ 2 is the noise power, h i denotes each interference fading gain and r i is the distance from the interferer i to the typical receiver. Considering the most common interferences in the MAC layer performance evaluations, we assume a distance-dependent path-loss with an exponent. This straightforward model facilitates derivation of tractable closed-form expressions for both the transmission probability and the throughput.
Average successful content delivery probability: This is defined as the successful response to the typical receiver's file request when the requested file is successfully downloaded. The successful content delivery probability of a requested file defined as the probability that a receiver succeeds in decoding the received content from its associated transmitter. Thus when the typical receiver requests the j-th file from its serving node, given the received SINR, and the SINR target Θ j , the success content delivery probability is expressed as
where I j is the interference received by the typical receiver given as
By averaging over all file requests, the average successful content delivery probability is given as
where f j is the probability of requesting the jth file.
Further, we present the analytical results in a couple of steps. In the first step, we illustrate the performance metrics without considering contention. Next, we characterize the performance metrics from the MAC layer perspective in the second step.
III. CACHE HIT RATIO & SUCCESSFUL CONTENT DELIVERY PROBABILITY
In this section, we characterize the cache hit ratio probabilities required for a cache-aided transmission in mmWave networks. To model the caching dynamics of a given node, we exploit the commonly used path loss distributions to derive the cache hit probability.
A. Cache Hit Characterization
We analyze the cache hit characterization in two cases corresponding to the two transmission mechanisms.
1) Nearest Node: Denote P n h as the caching hit probability in the case of nearest node. Due to the probabilistic caching assumption, the probability of finding a file cached in a given area is strongly dependent on the blockages and the coverage area of the ad-hoc cell. Hence, the probability of finding a cache in the nearest transmitter node can be characterized with the nearest distance distribution which is illustrated in following lemma.
Lemma 1: The nearest distance distribution for the case of LOS mmWave networks is given by
Proof: The proof of this lemma is readily available in [45, Proposition 3] . However, for the sake of completeness we have also presented a sketch of the proof in Appendix A by leveraging some details from [45, Proposition 3].
Therefore, when a user requests a file j with a probability f j and its caching probability is q j , then the probability of finding that file in the nearest transmitter node is given by
Averaging over all the files, the cache hit probability is given as
Hence, we study the optimal caching probabilities for cache hit maximization. The optimization problem for maximizing the cache hit probability is given as
We observe that the second order derivative of P1 is strictly negative, thus P n h is a concave function for each j. Since the weighted sum of convex functions is also convex function, P1 is a constrained convex optimization problem. Thus a unique solution exists. Hence the Lagrangian function of P1 is given as
where ω is the Lagrangian multiplier. This constrained optimization problem can be solved by applying the KarushKuhn-Tucker (KKT) conditions. Therefore, after differentiating L(q j , ω) with respect to q j , we can obtain all the necessary KKT conditions. The optimal caching probabilities can be given as
where Ξ = 2πλ(−1+e −β r (β r+1))
and W denotes the Lambert W function [46] . By applying the KKT condition again, we have
where 2) Best Node: Taking into account the path loss of the mmWave LOS communication link, the minimum power received at the receiver is
Before advancing further, it is noted that (17) is important in the context of cache hit probability characterization. Also, the actual received signal power at the receiver may be reflected by the uncertainties like path loss, shadowing, and other fading factors, which causes a phenomenon commonly known as the ping-pong [47] effect. This outcome is avoided by using the long-term averaged power, which is determined by taking the mean of the received signal over a given period of time.
So, it is important to characterize such distributions in mmWave networks under the effect of blockages. As mentioned earlier in section II, any link i.e., the distance between the receiver and transmitter in a mmWave network depends on the exponential blockage probability model. Therefore, the least pathloss distribution in a mmWave LOS network is not the same as for the case of a cellular network.
Lemma 2: The least path loss distribution in a LOS mmWave network can be given as
Proof: This proof follows from Lemma 1. Averaging over all the files, the cache hit probability is given as
Hence, we study the optimal caching probabilities for cache hit maximization. The optimization problem for maximizing the cache hit probability is give as
The optimal solution of P2 can be solved by following similar approach in characterizing P1. Hence, for brevity, we have omitted the corresponding proof.
In next section, we characterize the average success probability from the perspective of the delivery phase. Particularly, the delivery phase involves communication policy, complicated fading channels, and interference. Therefore, for tractable analysis, the maximization of the average success probability hasn't been considered in this paper. Neverthless, it can be considered in future works.
B. Average Successful Content Delivery Probability
In the following proposition, we present the success probability at the typical receiver from a given mmWave transmitter for a predefined SINR threshold Θ j .
Proposition 1: The success probability of the SINR achieved at the typical receiver from a given mmWave transmitter node is given as
where ν is a parameter from the tight upper bound of Gamma distribution given as
is the distribution of the least path loss which is the derivative of equation (18), and E I t j−In
[.] follows from Appendix B.
Proof: See Appendix B. Consequently, the content average success probability maximized with q * j (ω) is given as
IV. CONTENTION BASED CACHING
In urban settings, the mmWave communications are prone to interference which can cause poor delivery rate to users. Moreover, the transmitters can create a significant interference to non-associated receivers in cache-aided transmissions. To tackle these issues, we leverage the benefits of using the MAC based contention protocol to mitigate the interference effect. Therefore, in this section, we investigate the transmission probability in a mmWave network considering the implementation with slotted ALOHA protocol. The derivation of such a result will play a major role in performance analysis of cache enabled MAC based mmWave networks.
A. Transmission Probability
In this section, we characterize the transmission probability of transmitter nodes in mmWave ad-hoc networks under the proposed contention based multimedia delivery protocol as described in Fig. 1 and Fig. 2 .
Considering λ and ρ a as the density of transmitters per unit area and the average probability of being active for every transmitter respectively, the nodes for which protocol condition (a), mentioned in Section II, follows a homogeneous PPP is defined as Φ a with density λ a . Therefore, the density of active transmitter nodes Φ a under contention based protocol is λ a = ρ a λ. It is worth noticing that the transmission probability also depends on the LOS case according to condition (b) in the proposed contention based multimedia delivery protocol. Hence, in the following lemma, we consider such an assumption. Let P d denote the probability that a transmitter node is under a request within the distance of R d according to the condition (c). Hence we first derive P d in the following lemma by following both conditions (b) and (c).
Lemma 3: The probability that a transmitter node is under request in cache-enabled LOS mmWave ad-hoc networks is given as
P d = L j=1 f j (1 − q j ) 1−e 2πq j λ a (1−e −β R d (β R d +1)) β 2
. (23)
Proof: This proof follows from Lemma 1. Let Φ r be the point process formed by the active transmitter nodes over all file requests and let λ r be the corresponding density.
Corollary 1: For cache-enabled mmWave ad-hoc networks, the density of Φ r under contention based protocol is given by
As the ad-hoc nodes are deployed randomly, the main lobe of the active transmitter coincides with the typical receiver having a probability of
2 . Consequently, the density of the aforementioned active transmitters under condition (d) are presented in the following corollary.
Corollary 2: For cache-enabled mmWave ad-hoc networks, the density of Φ r under condition (c) is given by
Let Φ r and Φ AL denote the primary and the secondary point processes within the contention domain, respectively. Each transmitter competes with its neighboring nodes to access the shared wireless channel. The winning transmitters form Φ AL process. Considering a generic transmitter (x i , m i ) ∈ Φ r , we define N (x i ) as the neighborhood contender set comprised of the nodes with contention threshold higher than . It is observed for a symmetric channel gain that if a node is in the neighborhood set of x i , then vice-versa also holds true.
For the communication range d max (by following condition (e)), the transmitter is allowed to transmit if and only if it has the lowest back-off timer among its neighborhood set of contenders N (x i ). This lower limit is determined by dynamic alteration in the random-shape region, which is defined by the instantaneous path gain within the aforementioned communication range of d max .
The neighborhood set is determined by bounding the observation region by B xi (d max ), where d max is a sufficiently large distance, such that the probability for a transmitter located beyond d max to become a neighbor of x i is a very small number, . Hence,
Therefore, d max can be deterministically computed as
where, F −1 denotes the inverse of the CDF of H m . Then the neighborhood success probability within the bounded region can be defined as
Considering the blockages, (28) can be re-written as
where, γ(·, ·) is the lower incomplete gamma function. A closed-form expression for P ζ can be computed numerically. Therefore, based on Corollaries 1 and 2, and from (27) and (29), it is clear that we can advance towards the evaluation of the transmission probability of transmitters under the proposed contention based multimedia delivery protocol condition (f). To proceed, we leverage the results from [48] and incorporate additional blockage effects, as proposed in the following Lemma.
Lemma 4: Assume that in the disc N , the transmission probability of a transmitter under the contention delivery protocol is P
Then the intensity of active number of transmitters is given by
Proof: A generic transmitter in Φ r is allowed to transmit in Φ AL if and only if it has the lowest mark in its neighborhood set N (x i ). If x i has n neighbors, due to the uniform distribution of the marks among the neighbors of x i , the probability that x i has the lowest mark is 1/(n + 1). Let us denote P k as the probability of having k points in vicinity of B xi (d max ). Therefore, the number of points can be obtained by using the Corollary 3, expressed as follows
Averaging over both spatial and channel gain statistics, we have
where p = k − n and N = πλ r d 2 max . Depending on the blockages and deployment constraints, we assume that the distribution of transmitters, Φ AL , follows a contour according to its transmission probability. Correspondingly, it is clear that this distribution of the transmitter nodes is not spatially uniform, which can be clearly distinguished from random and uniformly distributed network assumptions that lead to a Poison number of nodes per unit area i.e., the PPP model. This model is widely adopted in the current literature [49] - [51] . The characterization of non-PPP models in general topologies using the Laplace Function and the probability generating functions is a challenging problem. Therefore, these thinned point processes are quite difficult to investigate as their probability generating functionals do not exist [52] - [54] . Hence, we adopt some approximations to introduce analytical tractability and assume that the nodes are distributed according to the PPP model. The density of these nodes is approximated by that of a thinned PPP with density λ AL . Assumption 3: The distribution of transmitters storing the file content j follows a PPP Φ AL j with density q j λ AL . Similarly, the distribution of transmitters that do not store the file content j follows a PPP Φ AL−C j with density (1 − q j )λ AL . Before proceeding further, it is worthwhile to mention about the cache hit probabilities required for a cache aided transmission in MAC based mmWave networks. Under the PPP assumption, the cache hit probabilities are exactly the same as in equations (10) and (18) with q j λ AL .
B. Average Successful Content Delivery Probability
By possession of cache hit placement vector q and transmission probability, we are ready to characterize the average success probability of a typical transmission under MAC based protocol. In this turn, leveraging from Proposition 1, the average success probability for content delivery is the same as equation (21) with the PPP approximated density λ AL . Corollary 3: The average success probability of content delivery at the typical receiver from a given mmWave transmitter node under MAC based protocol is given in equation (21) with λ AL . Special Case: For a generalized analysis, we give a bound on the average success probability of content delivery without considering PPP assumption in following Proposition.
Proposition 2: The success probability of the content delivery at the typical receiver from a given mmWave transmitter node under contention based protocol is given as:
where
Proof: Refer Appendix C.
V. NUMERICAL ANALYSIS
In this section, we validate our system model and also verify the accuracy of the derived analytical results. In general, the computations are performed through Monte Carlo simulations, which are then used to validate the analytical results. Unless stated otherwise, most of the values of the parameters used are inspired from literature mentioned in [8] and [11] . A few of the parameters and their corresponding values are given in Table II . All other parameters and values will be explicitly mentioned wherever used. First, we compare the cache hit probability with different node selections and for various blockage densities. These results demonstrate lemmas 1 and 2. Fig. 3 depicts the analytical results for the variation in the cache hit probability with increasing density of ad-hoc nodes (λ). Clear distinction between the random file caching where the files are cached in the ad-hoc nodes at random, and optimal file caching where the files are cached with more diversity in the ad-hoc nodes is presented for the nearest and best selection criterion. In the nearest selection, the ad-hoc node closest to the typical receiver is selected while in the best selection, an ad-hoc node is chosen based on the largest channel gain. It is seen that the cache-hit probability increases with the increase in number of ad-hoc nodes, which is obvious as the probability of storing the files becomes high with increase in the ad-hoc nodes. Moreover, the random file and optimal file caching techniques are compared in this figure. It is clear from the figure that the optimal caching technique outperforms the random file caching technique. Fig. 4 illustrates the transition in the values of cache hit probability with increasing density of ad-hoc nodes (λ) for different values of blockage density (β). Same as in Fig. 3 , a divergence analysis is illustrated for the best and nearest ad-hoc node selections but implementing the random, no, and directional beamforming methods. It is seen that the cache hit probability decreases with increasing values of β. However as expected, the results of directional beamforming method with proper beam alignment between the transmitter and receiver outperforms both the no beamforming method with omnidirectional radiation and random beamforming method with non-alignment of beams. Additionally, it is observed that the random beamforming method performs better than the no beamforming method for decreasing β. It is also seen that the blockages have an adverse effect on cache hit probability. Fig. 5 presents the plot of the cache hit probability against the order of files for various selections of caching size (M ) and Zipf coefficient (γ). It is found that the cache hit probability increases with the increasing M and γ values. However, the cache hit probability declines considerably according to the parameter value selections of M and γ as the order of files within the ad-hoc node increases.
After establishing the effect of cache hit probability in the previous figures, we now look into the average successful delivery probability. Hence, Fig. 6 shows the plot of the average success probability of content delivery versus SINR threshold (in dB) for various values of Caching size (M ) and Zipf coefficient (γ). As mentioned earlier, the average successful content delivery probability increases with increasing M and γ values. The same is found to hold true in this case. Nevertheless, it is illustrated in Fig. 6 that the average success probability of content delivery decreases significantly with increasing SINR threshold values. Fig. 7 highlights the average success probability of content delivery versus SINR threshold (in dB) for different values of antenna gain values at the receiver. It is found that the average success probability of content delivery increases with increasing antenna gain values at the receiver. This is due to the fact that the larger antenna gains mitigate the effects of path loss in communication. Therefore, the delivery rate increases with respect to antenna gains. As expected, it is observed that the average successful delivery probability decreases considerably with increasing SINR threshold values. Fig. 8 represents the plot of average success probability of content delivery against SINR threshold for different parameter values of density of nodes (λ) and density of blockage Average successful delivery probability versus SINR threshold [in dB], comparing the proposed system with MAC protocol and the one without MAC protocol.
in the network (β). It is seen that the average success probability of content delivery decreases with increasing SINR threshold values. Interestingly, it is observed that the effect of density of blockage in the network (β) is minimal in the case of low interferers as depicted in the red curves. However, vice-versa holds true in the case with high potential interferers as shown in the black curves. This reverse effect is helpful in determining how more blockages are beneficial in the case with more interferers' density as the average success probability of content delivery increases significantly. In addition, it is noteworthy that the average success probability of content delivery increases as the density of ad-hoc nodes increases. However, the increasing density does not always favor the average success probability of content delivery as it introduces higher interference in the network. We explain such phenomena in next figure.
In conjunction with previous Fig. 8 and Fig. 9 plots the average success probability of content delivery as a function node density for various path-loss exponents. It is clear from the figure that the LOS path loss exponent has minor effect on the the average success probability. It can be explained from the fact that the mmWave LOS channel is less likely change due to channel conditions. It is worthy of mention that there is an optimal value of the average success probability of content delivery as indicated by the shape of the curves in Fig. 9 with the implication that increasing the ad-hoc node density has a diminishing returns effect. Analytical determination of this optimal point can be explored in future works. Fig. 10 depicts the plot of average success probability of content delivery against SINR threshold comparing the proposed system with MAC protocol and the one without MAC protocol. As explained in section IV. B, the average success probability of content delivery is derived for two cases, i.e., by considering PPP approximation of ad-hoc nodes in Corollary 3 and without PPP approximation in Proposition 2. Hence, one could see the tightness of both the cases in figures. It is also seen that average success probability decreases as the SINR threshold decreases for both Average success probability of content delivery versus SINR threshold [in dB] comparing the proposed system with MAC protocol and the one without MAC protocol. Average successful delivery probability versus SINR threshold [in dB] for various ρa with MAC protocol. the cases. The proposed system with mmWave and MAC protocol outperforms the one without MAC protocol. It is needless to mention that the proposed protocol reduces the number of concurrent transmissions, thereby leading to a higher successful probability of content delivery. Fig. 11 represents the plot of average success probability of content delivery against SINR threshold for different parameter values of ρ a . The average successful delivery probability is found to be decreasing with increasing values of SINR, as expected. One can intuitively assume that the average success delivery probability should increase with increasing ρ a values. However, it is observed that the average success probability of successful delivery increases for a fixed SINR until a certain value of ρ a , implying a fixed upper bound for the low SINR values. Thereafter, increasing the probability of transmission ρ a does not always favor the average successful delivery probability due to the introduction of high interference in the network.
VI. CONCLUSION
The potential benefits of deploying cache-enabled ad-hoc nodes in outdoor mmWave networks were investigated. Moreover, we characterize the optimal caching placement with respect to blockages in the mmWave network. Then, we evaluate the performance of the proposed caching placement algorithm and compare it with two different caching strategies: 1) nearest node, and 2) best node placement. From our analysis, it is clear that the cache hit probability depends on the blockage density and network conditions such as path loss exponent, antenna gain, and density of the ad-hoc nodes. Accordingly, the average successful content delivery probability for the ad-hoc nodes was studied. Since interference increases with the number of nodes, a trade-off can be observed between the cache hit probability and the content delivery probability with respect to the density of nodes. Hence, a carefully designed MAC based protocol has been taken into consideration. Consequently, the average successful content delivery probability for the ad-hoc nodes based on the bounded region was studied.
The current work focuses on the ad-hoc networks only. However, it provides a cornerstone and importantly, the essential understanding for development of future cache-enabled cellular networks. In future, we will consider machine learning based approaches to learn the popularity of contents.
APPENDIX A PROOF OF LEMMA 1 Consider a Poisson point process, where the separation between the points represent the distance between the corresponding receiver and randomly placed transmitters in a mmWave network. Let us denote φ = ζ x as a homogeneous PPP with intensity λ. Here, the distance is to be considered as a random variable, and that its LOS state occurs with the probability of e −βx . By using the Mapping theorem [55, Th. 2.34] , the density function of this one dimensional PPP under the effect of blockages can be given by
Using the void probability of a PPP and with the help of (35), the nearest node distribution in a mmWave network can be computed accordingly. Hence, this concludes the proof.
APPENDIX B PROOF OF PROPOSITION 1
The average success probability conditioned on the least path loss from the best node to the typical receiver is defined as
Given that the small scale fading {h l }, follows the Nakagami distribution, and employs the upper bound of gamma distribution with a parameter ν such that
ν , therefore, the average success probability is expressed as: 
which follows from applying binomial expansion, and due to the fact that interference links can be LOS or NLOS such that I j = I 
gotten by substituting I
Applying the probability generating functional of PPP (PGFL) [39] , we obtain The expectation of NLOS interfering link can be obtained similarly.
APPENDIX C PROOF OF PROPOSITION 2
The average success probability conditioned on LOS within radius of R d is given as
Hence the expectation of the LOS interfering link is given as
For the case of PPP, the closed-form/intergral expression for interference can be computed by applying the PGFL. However, the transmitter nodes in contention domain does not hold PPP assumption anymore. Therefore, by denoting s = −A k R 
> e
where (a) follows from the assumption of independent small scale fading, (b) follows from the use of the moment generating function of Nakagami-m random variable and (c) follows due to the use of Jensen's inequality. Let, 
